Microwave remote sensing provides an attractive approach to determine the spatial variability of crop characteristics. Synthetic aperture radar (SAR) image data provide unique possibility of acquiring data in all weather conditions. Several studies have used fully polarimetric data for extracting crop information, but it is limited by swath width. This study aimed to delineate maize crop using single date hybrid dual polarimetric Radar Imaging Satellite (RISAT)-1, Fine Resolution Stripmap mode (FRS)-1 data. Raney decomposition technique was used for explaining different scattering mechanisms of maize crop. Supervised classification on the decomposition image discriminated maize crop from other land-cover features. Results were compared with Resourcesat-2, Linear Imaging Self Scanner (LISS)-III optical sensor derived information. Spatial agreement of 91% was achieved between outputs generated from Resourcesat-2, LISS-III sensor and RISAT-1 data.
Introduction
Maize (Zea mays) is the most important crop in the world after wheat and rice. It is grown for food, feed, and as an industrial crop; it is a major food grain crop supporting food security in several countries. The area under maize crop has increased several fold and Asia recorded the fastest growth of around 4% in the past decade (Prasanna et al. 2014 ). The demand is likely to increase further till 2050. However, constraints in the maize productivity are limiting the growth. In India, maize crop is the third most important food grain crop after wheat and rice. It is grown in diverse production environments from a cool, dry area of Chitradurga, Karnataka, to warm, wet plateau of Chindwara, Madhya Pradesh. The annual production of maize in India has increased at a compound annual growth rate (CAGR) of 5.5% over the last 10 years from 14 million tonnes in [2004] [2005] to 23 million tonnes in [2013] [2014] . Demand for maize is driven by the poultry and starch industries apart from food additives sector and exports. India exported five million tonnes of maize in 2012-2013, which is valued at Rs 70 billion (Anonymous 2014a, b) . Water scarcity and government's policy of crop diversification is also promoting the growth of maize crop in non-conventional areas. Availability of region-specific hybrids equal/near-equal minimum support price for maize and rice crop is also encouraging farmers to cultivate maize crop, which can be grown round the year.
Access to timely and reliable data on crop distribution and its condition assumes importance for enabling decision-makers to make informed decisions with respect to imports, exports, and other policy matters. Satellite remote sensing can be used as a suitable tool for monitoring agriculture and land surface changes (Bastiaanssen et al. 2000; Kalluri, Gilruth, and Bergman 2003; Seelan et al. 2003; Gumma et al. 2014 , Gumma et al. 2011 . Within the range of on-board sensors in different satellites, those that functioning in the microwave domain have twofold advantage acquiring in all weather conditions as well as offering a high degree of sensitivity to surface parameters (Ulaby et al. 1986 ). In the microwave domain, many studies have been conducted using spaceborne data from (European Remote Sensing Satellite (ERS)-1/2, EnviSat, Radarsat-2 and others) associated with ground-measurement campaigns. These studies have addressed the sensitivity of multi-frequency, multi-polarization, and multi-incidence data to surface parameters (Dobson and Ulaby 1981) . The backscatter coefficient's influence for different levels of topsoil moisture, surface roughness and texture have been widely analysed since 1980s (Ulaby et al. 1979; Ulaby et al. 1978; Dobson and Ulaby 1981; McNairn et al. 2012) showing the importance of sensor configurations. These studies addressing sensitivities of vegetation parameters are mainly based on data acquired during specific phenological stages (Ulaby Fawwaz, Bradley, and Dobson 1979; Brown et al. 2003; Balenzano et al. 2011; Gumma et al. 2015) .
Mapping of maize crop by successfully using optical remote sensing has been demonstrated (de la Casa et al. 2014; Sibanda et al. 2012 ), but it is not possible over areas of continuous cloud cover. Very few studies have reported the use of SAR data for maize crop using amplitude and fully polarimetric data (Soria-Ruiz et al. 2007; Smith et al. 2006; Van der Sanden 2004; McNairn et al. 2014) .
RISAT-1 is the first satellite among spaceborne earth observation missions operating in hybrid polarimetric mode. This satellite operating in C-band, was intended for agricultural studies. RISAT-1 SAR has all-weather capability in HH, VV, HV VH, and hybrid polarization. It covers a swath of 25 km in fine mode to 220 km in course resolution mode with an incidence angle range of 12°-55°. It captures images every 25 days (Tapan et al.2013 ). The system is capable of acquiring data in both right and left looks (Table 1) .
Hybrid polarimetric SAR is one in which the transmitted field is circularly polarized, and the resulting backscatter is received in two mutually coherent linear polarizations (either horizontal or vertical). The resulting backscatter RH, RV, LH, and LV is less susceptible to noise than the other dual-polarization SAR systems operating in circular transmission and reception mode (RR, RL, LR, and LL). The frequently used circular dual- polarization SAR is RR and RL. The hybrid polarimetric architecture is much simpler than conventional circular dual-polarized SAR (Touzi 2009 ). Hybrid SAR was mainly promoted by Raney (2007b) . It facilitates large swath coverage than full polarimetric SAR systems (Charbonneau et al. 2010) . The hybrid polarimetric data has shown potential for crop discrimination using single date data . Lee et al. (2000) earlier reported that fully polarimetric data is preferred for crop classification in all the frequencies studied (P, C, and L). Simulated compact polarimetry is widely used for rice crop discrimination. Acknowledging the importance of maize in Indian food security mission, utility of RISAT-1 SAR data can be well emphasized to fill the gap in generating such information. The current study attempts use of RISAT-1 SAR microwave hybrid polarimetric data for maize crop discrimination and monitoring.
Study area
The study area is located in Guntur district of Andhra Pradesh, India (16°13ʹ17.42ʺN, 80°4 2ʹ35.57ʺE) covering an area of 835 km 2 ( Figure 1 ). The climate is warm moist semi-arid/ dry sub-humid eco-sub-region with medium to deep loamy to clayey mixed red and black soils. In this region, maize is the major crop during rabi. It is sown during last week of December or first week of January and harvested in last week of March or first week of April. Apart from maize, pulses such as green gram and black gram were also grown. However, these crops were harvested by the time the data was acquired. 
Data processing
Single look complex (SLC) of RISAT-1 hybrid polarimetric data was used for the study. Backscattering coefficient analysis was performed on filtered RISAT-1, FRS data by using Equation 1 (RISAT-1 Manual):
where σ 0 dB ð Þ is radar backscatter coefficient, DN p is digital number or the image pixel grey-level count for pixel p, K dB is calibration constant in dB, i p is incidence angle for the pixel position p, and i center is incidence angle at the centre.
In order to compare the accuracy of RISAT-1 with LISS-III, the RISAT-1 (RH, RV) data was multi-looked seven times in azimuth and 10 times in range direction to arrive at the pixel resolution of 24 m × 24 m and C2 matrix was generated. A refined Lee filter was applied with 3 × 3 window size to reduce the speckle noise. To discriminate different features through scattering mechanism, Raney decomposition was applied on the filtered data. Raney proposed parameters, such as Degree of polarization (m), relative phase (δ), degree of circularity (χ). Based on these parameters Raney suggested m -δ and m -χ as two decompositions and their applicability is discussed in Raney (2013) . Double, Odd, and Volume/Diffuse scattering mechanisms were computed by using m and χ (Raney 2007a (Raney , 2007b Raney et al. 2011) . Hybrid polarimetric decompositions and sigma naught images were geometrically corrected using LISS-III data. Five test locations, representative of the type of land use present in the scene were selected. Training sites for maize, plantation, fallow, settlement, and water were selected based on the ground data. Finally decomposition parameters were introduced into classification gradually according to their sensitivity to maize crop information. Supervised parallelepiped minimum distance classifier was used to delineate the maize area from hybrid polarimetric data. For assessing accuracy of hybrid polarimetric data, LISS-III imagery was also classified by using supervised Maximum Likelihood Classifier. The spatial distribution of both classified results are compared in Table 2 .
Results and discussions

Response of maize crop
Mean and standard deviation of backscatter coefficient from RH and RV polarizations for various features is shown in Figure 2 . Water exhibits low backscatter than other features and settlements exhibit the highest backscatter. Even though these classes exhibited separation at mean values, the high standard deviation leads to overlapping of classes. For example, the backscatter coefficient of RH in peak vegetative stage of maize crop varies between −2 and −10 dB and it overlaps with standard deviation of rough surface from fallow and plantation.
Backscattering (Figure 3(a) ), Raney decomposed (Figure 3(b) ), and Resourcesat-2 (LISS-III) images (Figure 3(c) ), covering Vemuru Mandal are shown in Figure 3 . Maize crop dominates the area, followed by fallow, plantations, and other land-cover features. In LISS-III imagery maize crop is manifested in different shades of dark red colour due to wet fields and light red tone indicates maize at the harvest stage due to low moisture content in the field and dry vegetation. Raney decomposed image (Figure 3(b) ) reveals that none of the scattering mechanisms is dominant, but it found that the magnitude of volume scattering mechanism is slightly higher than odd and double scattering mechanisms in maize crop at peak vegetative stage and harvesting stage. Degree of polarization is a vital parameter for decomposition (Charbonneau et al. 2010) and higher values indicate the purity of scattering mechanism. Degree of polarization is higher in settlement class than other land-use classes. Other land-use classes illustrate mixing up (Figure 4(b and, c) ). Relative phase, a sensitive indicator of double bounce, is positive when odd scattering is dominant and negative if double bounce scattering is dominant (Kausika 2013) . For settlement class relative phase values are negative, which indicates that double bounce is dominant. All other classes have positive phase value because of less contribution from double bounce (Figure 4(a,c) ). Degree of circularity is a sensitive indicator of double and odd bounce scattering. Settlement class shows high degree of circularity because of double bounce scattering. Maize crop and water also shows high degree of circularity than plantation and fallow due to more contribution of volume scattering from maize crop and odd bounce scattering from water (Figure 4(a,b) ).
All three decomposition parameters clearly separate core settlement class from all other land use and land cover (LULC) classes. In order to separate these LULC classes, even, odd, and double scattering mechanisms were derived from these three decomposition parameters. The peak vegetative stage of maize crop shows high magnitude of volume bounce scattering than odd and double bounce scattering ( Figure 5 ). The twodimensional cluster diagram of volume and double scattering, volume and odd scattering, double and odd scattering for various classes prevalent in the study area show that maize crop, plantation, settlement, fallow and water classes were clearly separable. Settlement class shows high magnitude in volume, odd and double bounce scattering because of heterogeneity. Plantation and maize crop exhibit high magnitude of volume scattering than water and fallow because of geometric structure. Maize crop at peak vegetative stage is likely to have a scattering mechanism similar to plantation class in double vs odd bounce scattering. It is clearly separable when compared to volume vs double bounce scattering and volume vs odd bounce scattering mechanisms ( Figure 5  (a,b) ). Plantation class has larger canopy than maize, which creates multiple reflections from plantation canopy than maize crop. Because of these reasons, high magnitude of volume bounce scattering was observed in plantation class than maize.
Classification
All decomposition parameters (degree of circularity, relative phase, degree of polarization, double bounce, odd bounce, and volume bounce) were introduced into parallelepiped minimum distance classifier according to their sensitivity to maize crop. To classify the decomposition image, a small area of interest is selected and 100 training sites from that area. Resourcesat-2 LISS-III (Figure 6(a) ), Raney decomposition (Figure 6(b) ), and classified images (Figure 6(c) ) are depicted in Figure 6 . The misclassification of maize is observed due to harvest of maize on 01 April 2014, which is highlighted with circles ( Figure 6 ). Scrub present in the field bunds is also classified as maize in RISAT-1, shown in the left corner of Figure 6 (c). In order to compare statistics from these two data sources classification, the harvested maize fields are masked out in RISAT-1 data also.
For assessment of accuracy of RISAT-1 FRS data, LISS-III data was also classified by using supervised Maximum Likelihood Classifier. Since supervised minimum distance classifier can be applied on any data independently of data distribution, Maximum Likelihood Classifier was used for LISS-III data as it follows normal distribution. The administrative boundary of Vemuru Mandal was selected for comparison. The classification outputs for Vemuru Mandal using RISAT-1 and LISS-III are illustrated in Figure 7 .
From Figure 7 , it was observed that in optical imagery, settlement is classified as fallow but in RISAT-1 it is classified as settlement. Also, settlement class mixes with plantation class because of volume scattering mechanism in RISAT-1 data. The misclassification observed in optical imagery is due to some harvested fields around settlement, which was not masked because it was occupying a small geographical area.
Accuracy assessment
The overall accuracy of LISS-III and RISAT-1 FRS data is 92.00% and 89.33%, respectively (Table 3 ). Producer's accuracy of maize crop is 94 and 91 from LISS-III and RISAT1 data, respectively. Maize cropped area was estimated to be 8268 and 8374 ha from LISS-III data and RISAT-1 hybrid polarimetric data, respectively. However, it should be noted that maize cropped area is overestimated from RISAT-1 data because of the similar backscatter of scrub present on the field bunds. The spatial agreement between maize class derived from LISS-III and RISAT-1 is 91%, which indicates the potential of single date hybrid polarimetric data for maize crop mapping and monitoring. 
Conclusion
Results clearly show the benefit of using single date hybrid polarimetric data for discrimination of maize crop. The RH/RV combination shows similar results as obtained from fully polarimetric data and it offers a good compromise between resolution, swath width, incidence angle coverage, cost, and information content. Hybrid polarimetric data provides a basis for classifier based on the structural characteristics of the target and it was suited for maize crop discrimination. Very good spatial agreement 91% is observed between maize crop derived from Resourcesat-2, LISS-III, and RISAT-1 hybrid polarimetric data for Vemuru Mandal. Maize cropped area was estimated to be 8268 and 8374 ha from LISS-III and RISAT-1 hybrid polarimetric data. Overall classification results show that Raney decomposition provides effective information from single-date data for maize crop. The inclusion of relative phase in classification scheme did not yield any ambiguous results, even though χ is already included. This result shows that hybrid polarimetric data, specifically FRS-1 mode data, from RISAT-1 was suitable for maize crop discrimination and mapping in mono-cropped areas.
